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Abuckleforcetransducer,suitableformeasuring I nrecent years, tissue ten~i~ning 
forces in biological materials in situ, was procedures have been gammg 
investigated in order to establish its reliability importance in the diagnosis and 
as a fOrce measuring instrument. Eleven treatment of various pain syndromes 
separate materials varying in shape, size and (Buder 1989, Clare 1989, Elvey 1986, 
mechanical properties, were tested. Each Maidand 1979, Quinter 1990). During 
material was repeatedly loaded and unloaded. these tension tests, therapists assess the 
Calibration lines, relating the applied force and degree of tightness and the pain 
the output voltage, were calculated for each provoked, to guide the vigour, 
loading-unloading trial. For each material. direction and type of tensioning 
deviations between trials were calculated as a technique to be employed in 
percentage ofthe range of voltages recorded in treatment. To date, these decisions 
the first trial of that material. These data were have been based on accumulated 
analysed to evaluate four parameters: test- clinical experience as few quantitative 
retestreliabiHty, the effect of skewed alignment, data exist to identify the structures 
linearity of the instrument, and amount of which are actually being tensioned, and 
hysteresis present. Results indicate that the the extent of the tension. 
buckle force transducer used is a highly reliable Various methods of studying the 
and consistent measuring instrument, which mechanical responses of soft tissues 
behaves in a linear manner and demonstrates have been developed. Most of these 
acceptably small hysteresis. The implications methods present problems in 
for measuring forces in biological materials are extrapolation to the living state. They 
discussed. are either indirect measuring 
[Ginn KA, Eastburn G and Lee M: Evaluation of techniques (Hoffman and Grigg 1984, 
a buckle force transducer for measuring tissue Nachemson and Elfstran 1971, Panjabi 
tension. Australian Journal of Physiotherapy etal1982, Schultz et al1973 and Shar 
39:31-38] et alI977) or are direct measurements 
Key words: Transducers; which require removal of the tissue 
from the body (Nachemson and Evans Reproducibility of results; 1968, Tkaczuk 1968). 
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Karen Ginn SSc, GradDipManip Ther, MHPEd is implantable instrument that would not 
a senior lecturer in Anatomy in the Department significandy interfere with the function 
of Biological Sciences of the Faculty of Health of the tissue being measured - the 
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The reliability of the buckle force 
transducer, however, has not been 
established in the literature. The only 
aspect of its performance that has been 
studied is linearity (Eastburn 1987, 
Lewis et a11982, Sherif et a11983, 
Whiting et aI1984). None of these 
studies quantified the extent of this 
linearity. Other aspects of 
performance, eg degree of hystetesis 
and effect of misalignment, have not 
been reported. Furthermore, some 
aspec.ts of buckle transducer 
performance are dependent on the 
particular buckle design involved. Such 
variables as the buckle geometry, 
material, dimensions and strain gauge 
placement are all important 
determinants of overall transducer 
response. 
The aim of this study was to quantify 
performance parameters of a buckle 
force transducer. 
Method 
Apparatus 
Buckle force transducers have been 
produced with a number of different 
designs but there is a common 
principle of operation underlying this 
type of transducer. A buckle 
transducer is shown schematically in 
Figures 1 and 2. The material which is 
to be loaded is threaded under the 
buckle frame and over the bridge. 
When tension is applied to the 
material it tends to straighten, thus 
applying a force to the bridge 
component (Figure 3). The force 
applied to the bridge by the material is 
approximately proportional to the 
product of the applied tensile load and 
the sine of angle A. This force tends to 
.. 
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cause bending of the bridge and the 
long sides of the buckle frame. 
Therefore, if the buckle materials are 
elastic, strain in the bridge or frame 
should be proportional to the tensile 
force applied to the material. The 
amount of strain produced by a given 
load will depend on the physical 
dimensions and material properties of 
the buckle. Good linearity requires 
that the angle A does not change 
substantially with applied load. The 
size of angle A will depend on the 
dimensions of the material being 
loaded as well as the dimensions of the 
buckle. Therefore, it is important that 
the shape or dimensions of both the 
buckle and the material being loaded 
remain relatively constant over the 
range of loads which are to be used. 
Buckle force transducers usually use 
one or more strain gauges which are 
bonded to the bridge or buckle frame. 
The electrical resistance of a strain 
gauge v:u-ies in proportion to the strain 
in the material to which it is attached. 
Therefore, if placed in an electrical 
circuit with other resistors, the voltage 
across the strain gauge will vary in 
proportion to the strain in the element 
to which it is attached. 
When used in an experiment 
designed to measure the tensile load in 
various biological tissues, the buckle 
transducer must be calibrated in situ 
with each tissue element to be studied. 
That is, the variation of output voltage 
with applied tensile load must be . 
established. Because the variation of 
voltage across the transducer depends 
on the particular dimensions and 
properties of the material tested, the 
calibration data for one material 
cannot be applied to other materials. 
The buckle force transducer used in 
this experiment consisted of a stainless 
steel rectangular frame with a bridge of 
the same material placed across it 
(Figure 1). The frame was grooved to 
facilitate correct positioning of the 
bridge. A strain gauge was bonded to 
the frame with epoxy resin, on one of 
its longer sides. This strain gauge 
formed one of the resistors in a 
Wheatstone bridge circuit; the output 
ORIGINAL ARTICLE 
Figure 1. 
The components of the buckle force transducer. 
figure 2. 
Perpendicular alignment of material in buckle force transducer. 
of which was connected to the 
Maclab ™ data recording system 
(Analytical Digital Instruments) used 
in association with a Macintosh SE 
computer. 
Materials 
Eleven materials were tested. They 
were chosen because their mechanical 
properties would be unlikely to change 
during testing. Biological tissues were 
not used because of their less 
predictable mechanical behaviour. A 
variety of sizes and shapes was chosen 
to reflect the range of anatomical 
structures, eg ligament, tendon and 
nerve, with which the buckle would be 
likely to be used. The details of the 
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Figure 3. 
Lateral view of the buckle force transducer showing forces applied during loading. 
structure of each material are listed in 
Table l. 
Experimental procedure 
Testing was carried out in an air-
conditioned room with temperature 
controlled .at 18 degrees C. 
Each material was suspended in turn 
from a hook connected to the ceiling 
and an aluminium weight carrier was 
connected to the free end of the 
material. The buckle force transducer 
was initially attached to the material to 
be tested such that the bridge was 
perpendicular to the material and the 
material was in the centre of the frame 
(Figure 2). 
Zero load for each trial was defined as 
the weight of the material being tested 
plus the weight of the aluminium 
carrier. The material was then loaded 
and unloaded by placing weights in, 
and removing weights from, the weight 
carrier. The voltage output from the 
resistance bridge at each level of force 
was recorded. The load was increased 
at 10 second intervals, beginning with 
a 2kg mass followed by lkg increments 
to a total of 7kg. Mer a 10 second 
interval at maximum loading, the 
material was unloaded to zero load at 
10 second intervals in the reverse 
order. This trial was called the test. 
Figure 4 represents the data collected 
using this procedure for one of the 
materials tested. 
Following a two minute interval, the 
trial outlined above was repeated and 
termed the retest. Test and retest data 
were recorded for all materials. 
The position of the buckle force 
transducer was then altered so that the 
material was obliquely oriented to the 
bridge. Two minutes after the 
conclusion of the retest trial, the 
loading-unloading procedure described 
above was performed a third time. 
This trial was termed the skewed trial. 
Material G was too wide to be placed 
obliquely in the buckle force 
transducer and therefore Was not 
included in the skewed trial. 
Data Analysis 
The Maclab ™ software was used to 
review the data records and establish 
the voltage output which had been 
registered at each level of force, during 
loading and unloading for the test, 
retest and skewed trials. For each trial, 
the least squares regression line 
coefficients, the slope and the y-
intercept, were computed for the 
relationship between applied force and 
the output voltage. This regression 
line, calculated using both loading and 
unloading data, was designated the test 
calibration line for that particular 
material. 
Deviations between test and retest, 
between test and skewed and between 
loading and unloading data were 
calculated as a percentage of the range 
of voltages recorded in the test case. 
These data were analysed to evaluate 
the following parameters: 
a) test-retest reliability 
b) effect of skewed alignment 
c) linearity of instrument 
d) hysteresis 
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Test-retest reliability 
The reliability was evaluated in tw? 
ways. First, the Intrac1ass Correlatton 
Coefficient [ICC(2,1)] (Shrout and 
Fleiss, 1979) for the slope of the 
calibration line in the test and retest 
trials was computed. An ICC of 1.0 
corresponds to perfect correlation. 
Second, the test-retest deviation, 
expressed as a standard deviation, was 
calculated. A larger deviation 
corresponds to lower consistency 
between tests. 
Effect of skewed alignment 
The effect of diagonal skewing of the 
test material in the buckle frame was 
evaluated by comparing the ICC and 
the standard deviations for the test-
skewed trial and the test-retest trial. 
Linearity of instrument 
By calculating the deviations between 
the test data and the values predicted 
by the calibration line, an indication of 
the non-linearity present in the 
measuring system was obtained. As 
with other deviations, the values were 
expressed as a percentage of the range 
of voltages recorded for that case. In 
addition, the Pearson product moment 
coefficients between the r.alibration 
line and the raw data were calculated. 
Again, perfect correlation is indicated 
by a value of 1.0. 
Hysteresis 
The difference between the transducer 
output measured when the load is 
increasing and the value measured 
when the load is decreasing indicates 
the amount of hysteresis present. 
Hysteresis was computed as the . 
standard deviation between loadmg 
and unloading values. Hysteresis values 
could he positive or negative. A 
positive value ·of hysteresis corresponds 
to the output voltage being greater 
. during loading than during unloading 
while a negative value corresponds .to 
output being higher during unloading. 
The amount of hysteresis recorded by 
the measuring system would be a 
combination of the hysteresis due to 
the material and that due to the buckle 
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Figure 4. 
Raw data of test trial for material G. 
force transducer. The measurement of 
hysteresis cannot be con~ucted in a 
way which is completely mdepend~nt 
of the material tested. Therefore, m 
this experiment, the purpose of which 
was to test the buckle transducer, the 
hysteresis data had to be interpreted 
carefully. Because the contribution to 
hysteresis from the material being 
tested has to be subtracted from the 
total hysteresis, the best estimate. of the 
buckle's contribution to hysteresIS may 
be the lowest level of hysteresis from 
among the various materials tested. 
R.esults 
A typical set of results for one test 
material is shown in Figures 5 and 6. 
The loading and unloading da~ for the 
test and retest cases are shown liJ. 
Figure 5. The test and skewed data 
points for the same material are shown 
in Figure 6. The following results were 
obtained from .analysisofall the 
materials tested: . 
Test-retest reliability 
The ICC for the test-retest reliability 
of the calibration line slope was found 
to be 0.998. The standard deviation 
between test and retest values of 
output voltage was 3.2 per cent of the 
range of recorded voltages. 
Effect of skewed alignment 
The ICC for the test-skewed reliability 
of the calibration line slope was 0.993. 
The standard deviation between the 
test voltages and the voltages obtained 
in the skewed test was 13.7 per cent of 
the range of recorded values. This 
value is·four times greater than the 
standard deviation recorded for the 
test-retest trial where alignment was 
maintained. 
Linearity 
The standard deviation was calculated 
between the output voltage readings 
and the values predicted by the 
calibration line. The calculated 
standard deviation Jor aU materials 
tested was 4.0 per cent of the range of 
recorded voltages. The maximum non-
linearity (deviation) of a single reading 
'Was 15.2 per cent, recorded at zero 
load when testing material C. Table 2 
shows the maximum non-linearity 
recorded for each material tested. The 
Pearson product moment coefficients 
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for the regression lines are also shown 
in Table 2. 
Hysteresis 
The degree of hysteresis for all 
materials tested, represented by the 
standard deviation between loading 
and unloading readings, was 6.9 per 
cent. The variation of degree of 
hysteresis between the different 
materials tested is shown in Table 3. A 
similar pattern to that seen for the 
non-linearity is apparent. The greatest 
degree of hysteresis for a single level of 
force was 21.9 per cent, once again for 
zero load in material C. 
Discussion 
As indicated by the high ICC value 
(0.998) and the low standard deviation 
value (3.2 per cent) for the test-retest 
trials, this buckle force transducer has 
been shown to be a highly reliable 
instrument. This performance was 
consistent across the 11 materials 
tested, which included a wide variety of 
material sizes, shapes and properties 
(see Table 1). 
Even when the alignment of the 
material undergoing testing waS 
Changed from one test to the next, as 
demonstrated in the test-skewed trials, 
the gradient of the calibration line did 
not change substantially. The statistic 
which indicates the consistency of the 
gradient, the ICC, was 0.993 for the 
test-skewed case compared with 0.998 
for the test-retest case. Although the 
gradient of the calibration line 
remained consistent, a change in 
alignment tended to shift the 
calibration line away from its original 
position, as shown in Figure 6. This 
calibration line shift gave different 
output voltages for a given force, and 
resulted in a very much increased 
standard deviation for the test-skewed 
trials (SD = 13.7 per cent) compared 
with the test-retest trials (SD = 3.2 per 
cent) where constant alignment was 
maintained. 
The effect of another type of 
misalignment was also considered. For 
two materials, the buckle was aligned 
so that the material was perpendicular 
to the bridge hut placed as close as 
possible to one side of the buckle. The 
effect of this misalignment was similar 
for both materials. Placement of the 
test material on either side of the 
buckle resulted in substantial changes 
in both the gradient of the calibration 
line and its location, as reflected by the 
Y-intercept value, when compared 
• 
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with central alignment. 
These results show that changes in 
alignment of the test material in the 
buckle after calibration have the 
potential to cause a loss of reliability. 
Furthermore, the nature of the effect 
of misalignment is such that a 
systematic bias of the tissue tension 
recordings could occur. Therefore, 
studies of tissue tension which use 
buckle force transducers should 
attempt to closely control this variable. 
Similar transducers, such as an E-
shaped device which does not constrict 
the tissue on one side, or a buckle 
transducer much larger than the tissue, 
may allow more misalignment and 
hence be less reliable. 
For the range of materials tested, the 
buckle force transducer under 
investigation was also shown to 
measure in a linear manner, as 
indicated by the low standard deviation 
(4.0 percent) between the test data and 
the values predicted by the calibration 
line, and the high values of the Pearson 
product moment coefficient (0.973-
0.999); These results indicate that the 
buckle force transducer responded 
with the same sensitivity at low and 
high forces. Thus, comparisons of 
voltage output recorded at high and 
low forces are valid. 
There are three possible sources of 
the hysteresis measured in this 
experiment: the buckle instrument; 
the material being tested; and the 
interaction between the buckle and the 
material. The buckle may introduce 
hysteresis into the measurements 
through movement with friction or 
viscous resistance between the 
component parts. For example, the 
bridge component rests on the frame 
component (Figures 2 and 3) and 
during loading there may be small 
amounts of movement between these 
two components. If there is non-elastic 
resistance to this movement then 
hysteresis will be introduced. Because 
this resistance would tend to result in 
residual stresses in the buckle frame 
when unloading occurred, the 
hysteresis values would be expected to 
be negative. If the materials of which 
the buckle is constructed deform 
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FigureS. 
1e$l and retest trials for material A with perpendicular alignment. 
Figure 6. 
Test and skewed trials for material A. 
during loading in a non-elastic way, 
then even without movement between 
the components, hysteresis will be 
introduced. Non-elastic deformation 
could occur either because the material 
used in the buckle is non-elastic or as a 
result of overloading an otherwise 
elastic material. Again, negative 
hysteresis values would be expected. 
A second source of hysteresis in 
buckle transducer measurements could 
be the material being tested, which 
might show non-elastic deformation 
during the testing procedure. Non-
elastic bending might be produced 
when inserting the material in the 
buckle. When the bent material was 
loaded it might then straighten out to 
some extent, limited by the geometry 
of the buckle. If the bending was non-
elastic, then during unloading the 
material would tend to remain in the 
straightened state. In these 
circumstances the buckle would tend 
to show a higher output during loading 
because the angle A (shown in Figure 
3) would be greater. As the material 
straightened, the angle A would 
become smaller, giving a smaller 
output voltage for the same applied 
load during the unloading phase. 
Therefore, this situation would result 
in positive hysteresis values being 
recorded. 
A third source of hysteresis could be 
in the interaction between the material 
being tested and the buckle transducer. 
For example, friction between the 
tested material and the buckle's bridge 
or frame could produce hysteresis. The 
extent of the hysteresis in this case will 
depend on the nature of the material 
being tested as well as the design of the 
transducer. Important variables 
relating to the tested material would be 
the amount of material deformation 
during loading and the nature of the 
material and the buckle surfaces. 
Aspects of transducer design which 
might affect the amount of hysteresis 
include the roughness of the buckle 
surfaces and the geometry of the 
buckle. Friction between the material 
and the buckle would tend to ptevent 
the complete transmission of material 
tension across the buckle frame to the 
segment of material lying over the 
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bridge. Hence, during loading the 
material overlying the bridge would 
have tension less than the true material 
tension, thus decreasing output 
compared with the value 
corresponding to the true material 
load. When unloading occurred, the 
friction would tend to maintain tension 
on the material within the buckle at a 
higher level than the true material 
tension. Therefore, recorded loads 
would underestimate the true load 
during loading and overestimate the 
true load during unloading and 
negative hysteresis values would be 
recorded. 
Although the average degree of 
hysteresis was 6.9 per cent, the 
magnitude of the hysteresis varied 
from 0.1 per cent to 12 per cent with 
both positive and negative values being 
recorded. Because the hysteresis 
response is likely to be strongly 
affected by the material being tested as 
well as the buckle itself, the hysteresis 
results need to be interpreted carefully. 
The large positive values, obtained 
using materials Band C, were probably 
due to the non-elastic resistance to 
bending of the materials. This type of 
behaviour would not be expected from 
biological materials such as nerves, 
ligaments and tendons. Material G, 
with dimensions and bending flexibility 
similar to those expected from some 
tendons, showed hysteresis of 0.1 per 
cent. Most materials with dimensions 
and flexibility similar to those expected 
of nerves and ligaments showed 
hysteresis values of less than 4 per cent. 
The existence of a number of small 
hysteresis values (for example, 
materials A, G and J) suggests that the 
buckle itself probably contributes very 
little to hysteresis. To establish the 
typical hysteresis values which would 
be produced by human tissues, 
experiments would need to be 
conducted using an appropriate range 
of tissue types and sizes. 
The buckle force transducer under 
investigation has been shown to be 
highly reliable and consistent if 
alignment is maintained. It behaves in 
a linear fashion and appears to 
contribute little to measurement 
hysteresis. These results only apply to 
the stated specifications of this buckle 
force transducer. A change in any 
elements of the device, such as changes 
in the stiffness of its components, in its 
dimensions, in the quality of the 
manufacturing involved or in the 
relative position of its components, 
could change these results. 
What, then, are the implications of 
the results of this reliability study for 
the use of this buckle force transducer 
to measure forces in biological 
materials, particularly cadaver studies 
measuring these materials in situ? To 
obtain the most reliable results, 
alignment of the material being tested 
within the buckle force transducer 
must remain constant during the 
testing procedure. Any changes in 
alignment will decrease the consistency 
of the results obtained. This is 
particularly important to consider 
when calibrating this measuring 
system. In order to obtain a calibration 
graph that can be validly applied to the 
test procedure, the calibration and 
testing alignment must be the same. 
Because of the linearity demonstrated 
by this device, a suitable calibration 
protocol would consist of a single 
measure of voltage output at a low 
force which could then be 
extrapolated, given the assumption of 
linearity. Because calibrations could be 
done at forces well below those which 
might cause tissue damage, the 
calibration procedure would have a 
minimal effect on the mechanical 
properties of the material tested. Such 
calibration would need to be done, 
however, during both loading and 
unloading to establish the hysteresis 
level for the biological materiaVbuckle 
combination being used. Knowledge of 
the degree of hysteresis is necessary for 
valid interpretation of voltage output 
changes measured by the buckle force 
transducer. 
The design of this type of measuring 
device makes it sensitive to external 
forces. An external force which causes 
bending of the buckle frame would 
alter the output even if the tissue 
tension did not change. For example, 
in cadavet studies any overlying tissue 
may compress the buckle force 
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transducer. Such impingement would 
result in voltage output readings that 
would not accurately reflect the force 
changes occurring due to the test 
procedure. Therefore, it would be 
necessary to remove all anatomical 
structures that would otherwise 
impinge on the structure tested during 
the test procedure. However, to 
maintain the validity of the test 
procedure, as much anatomical 
integrity as is possible needs to be 
maintained. Therefore, only the 
minimum number of structures should 
be removed in order to prevent 
impingement on the measuring 
instrument, while preserving as many 
of the anatomical structures as 
possible. 
These implications for a testing 
protocol during cadaver studies using 
the buckle force transducer only 
consider the properties of the 
transducer. As no biological materials 
were tested in this study, it is not 
possible to comment on the 
implications of the properties of 
biological materials on the testing 
protocol. If, however, biological 
materials were found, for example, to 
demonstrate less linearity and/or a 
greater degree of hysteresis, the above 
protocol would need to be amended. 
For example, a greater degree of non-
linearity would require changes to the 
calibration method proposed and a 
greater degree of hysteresis would 
effect the interpretation of real changes 
in force during the test procedure. 
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